High temperature-induced spikelet sterility is expected to become a major factor reducing rice yield under the future climate conditions. To examine the responses of spikelet sterility to air temperature, humidity, and temperatures of panicle and spikelet, two japonica rice cultivars in different maturity groups were exposed to four sets of different temperature conditions from initial heading stage in 2013 and 2014. The temperature conditions included ambient temperature (AT), AT + 1.5°C, AT + 3.0°C, and AT + 5.0°C. Spikelet fertility showed a wide range of variation from 100 to 4.6% depending on temperature treatments. The ridge regression revealed that not only air temperature but also vapor pressure deficit (VPD) was negatively associated with spikelet fertility. The spikelet fertility was well fitted to logistic equations not only of air temperature, spikelet internal temperature, and panicle surface temperature but also of VPD. No clear difference in the accuracy of sterility estimation was observed for models that use air temperature, panicle or spikelet temperature as inputs. In contrast, the logistic equation model that uses both air temperature and VPD as independent variables had better accuracy in predicting spikelet sterility. These results suggested that spikelet or panicle temperature would be no better predictor for high temperature-induced spikelet sterility than air temperature. Therefore, further study is merited to verify the VPD effects on spikelet sterility under high temperature conditions.
tion of germinated pollen would also be reduced under high temperature conditions (Jagadish et al. 2010) .
The effect of water deficits under reproductive stage on maize has been studied to examine the impact of humidity on spikelet sterility. For example, Luna et al. (2001) reported that pollen viability was related with exposed time in the drying conditions and pollen death was mainly due to dehydration. Aylor et al. (2003) also reported that depending on the vapor pressure deficit (VPD), the water contents of maize pollen could range from being fully hydrated to being nearly dehydrated in 1 -4 h. When maize pollen were exposed to drying conditions, the shape of pollen were changed from prolate spheroid to prismatic, and it led to decrease in pollen viability (Aylor et al. 2003; Marceau et al. 2012) .
In rice, low relative humidity under a high temperature condition (40.0 -42.1°C) was reported to have reduced spikelet fertility in the field experiment in Sudan (Matsushima et al. 1982) . Sato et al. (1960) also observed that high temperatures and low relative humidity induced 100% spikelet sterility in Cambodia. Both of studies implied that low relative humidity along with high temperatures could accelerate spikelet sterility induction by desiccation of pollen. Ekanayake et al. (1989) conducted the experiment about the relation of spikelet sterility with water deficit. In this experiment, water deficit at anthesis resulted in decrease of water potential, which caused desiccation and death of the anther and panicle, and spikelet sterility. Matsui et al. (1999) reported that anther dehiscence was a moisture-requiring process. Low relative humidity disturbed septum rupture and pollen dispersal and resulted in a decrease of spikelet fertility. conducted chamber experiments to observe the influence of temperature and relative humidity on spikelet sterility. These results indicated that spikelet sterility in low relative humidity (35%) would be lower than the normal conditions (65%) at 30°C, which suggested that the increase of spikelet sterility in low relative humidity would result from the loss of pollen viability or reduction of pollen germination on stigma.
On the contrary to these reports, Matsui et al. (2007 Matsui et al. ( , 2014 reported that even though extreme dry and hot conditions were observed in Australia during the 2004 -2006 growing seasons, spikelet sterility of rice did not occur as much as what they expected. They suggested that strong transpirational cooling by low relative humidity (< 20%) dropped panicle temperature and it helped to avoid heat damage. High relative humidity (> 80%) in high-temperature conditions has been reported to accelerate spikelet sterility induction Julia and Dingkuhn 2013; Matsui et al. 1999; Weerakoon et al. 2008) . Tian et al. (2010) also reported that humid conditions (> 80%) and low wind speed (< 1 m s -1 ) might have contributed to the induction of spikelet sterility, indicating that the two factors led to the increase of panicle temperature. Matsui et al. (1997) reported that the number of pollen grains shed on the stigma drastically decreased at 0.85 m s -1 of wind velocity and percentage of germinated pollen grain were gradually reduced by higher wind velocity. Spikelet fertility rapidly dropped at wind velocity of about 0.5 m s -1 . Ishimaru et al. (2012) observed that spikelet sterility drastically increased as increasing wind velocity at high temperature conditions. Under high temperature conditions, high VPD and windy conditions promoted transpirational cooling of spikelets (Matsui et al. 2007; Tian et al. 2010) . Still, excessively high VPD and strong wind velocity under high temperatures could also cause excessive water loss in spikelets, which would negatively impact the swelling of pollen grains of pollination and the blowing away substantially pollens from the stigma (Ishimaru et al. 2012; Matsui et al. 1997 ).
As discussed above, it is still controversial that VPD and wind effects spikelet sterility of rice. Some studies supported that high VPD and wind velocity under high temperature conditions could help to avoid heat stress in spikelets by transpirational cooling. On the other hand, several studies also reported that excessively high VPD and wind velocity in high temperature conditions disturbed anther dehiscence, desiccat- ed pollen grains, and increased spikelet sterility as a result. The objective of this study was to examine the effects of air temperature, solar radiation, and VPD on the surface temperature of panicles and evaluate the spikelet fertility responses to air temperature, spikelet internal temperature, panicle surface temperature, and VPD.
Materials and Methods

Rice cultivation and temperature treatments
Two rice cultivars in different maturity groups were used in 2013 and 2014 (Table 1) . Ten rice seedlings were transplanted in a circular pattern into 1/5000 Wagner pots with 15-day-old seedlings on May 14th in 2013 and May 16th in 2014, and grown in flooded conditions. Only the main stems were grown by removing tillers during the vegetative stage as soon as they appeared. Fertilizer application included 0.78-0.9-0.38 g per pot (N-P2O5-K2O) and nitrogen fertilizer was supplemented when the rice showed nitrogen deficiency symptoms. Twenty pots for each cultivar were grown under ambient temperature plastic houses until initial heading stage, and five pots for each cultivar were transferred to each temperature-controlled plastic house for temperature treatments until maturity (Table 1 ). The four plastic houses were controlled to the target temperatures of ambient (AT), AT + 1.5°C, AT + 3.0°C, and AT + 5.0°C by using heating and ventilation systems connected to CR1000 data logger (Campbell Scientific, USA) (Fig. 1) .
Measurements
Flowering date was recorded by observing initial heading of each plant. Spikelet fertility was determined manually by pressing the spikelet between the thumb and index finger at harvest. Both partially and fully filled spikelets were categorized as a filled spikelet. Spikelet fertility was calculated as follows:
Meteorological variables including as air temperature, relative humidity, and solar radiation were measured at 1-minute intervals and averaged over flowering time (09:00 -14:00) during 7 days after initial heading for each panicle (Table 2) . Air temperature was measured by platinum resistor thermoprobe housed in a naturally aspirated 6-plated radiation shield (Campbell Scientific, USA) . Relative humidity was measured by HMP45a (Vaisala, Finland) and Watchdog200 (Spectrum, USA). Solar radiation was measured by LI-200pyranometer (Li-COR, USA).
Internal temperature of spikelet (Ts) was measured by inserting 0.147 mm k-type thermocouples (Omega, USA) into the selected spikelet and recorded every 1 min. using DT80 (Datataker, Australia). Surface temperature of panicle (Tp) was measured using infrared camera (VarioCAM hr head, Infratec, Germany). Infrared camera was installed against the panicle 1 h before the start of flower opening. The images were taken at a distance of approximately 40 cm apart from the panicle and recorded every minute. Most of images were taken on the north face. Images were digitized using thermal image analysis program (IRBIS3 plus, Infratec, Germany).
Panicle temperature estimation using an energy balance model
Because an infrared camera was used to measure the surface temperature of the panicles in one out of four treatments, ), surface temperature of panicle (°C), air temperature (°C), and vapor pressure deficit (kpa). gE and gH represent latent heat conductance, and sensible heat conductance, respectively. The incoming net radiation (Rabs) was calculated as follows:
where RS is measured solar radiation. ea, which is actual vapor pressure (kPa), was determined as follows:
Sensible heat conductance (gH) was calculated as follows (Campbell and Norman 1998): where characteristic dimension of rice leaf was set to be 0.01 m. Wind speed is set to 0.7 m s -1 during ventilation on and 0.5 m s -1 during ventilation off. Latent heat conductance (gE) and panicle transpiration conductance (gP) were calculated as follows ):
Statistical analysis
The average temperature over 7 days during the time of flowering (09:00-14:00) and spikelet fertility were fitted to a logistic equation as follows:
where T and Tc indicate distribution-weighted average of temperature during flowering time for one of Ta, Ts, Tp and the critical temperature that induces 50% spikelet sterility. α is the regression parameter for the logistic equation. To estimate spikelet fertility in response to temperature and humidity, another equation was defined as follows:
where VPD and Vc represent average vapor pressure deficit and the critical VPD inducing 50% of spikelet sterility, respectively. βis another parameter for the nonlinear regression. 
Spikelet Fertility= 100
The values of αand βwere estimated using NLIN procedure of a statistical program SAS 9.3.
To evaluate the performance of these models, the degree of agreement indices including Willmott's index, normalized root mean square error (RMSEn), and bias (BiasF) were determined. The Willmott's index (I) was calculated as follows:
where Pi, Oi, and O is model predictions, observations, and the observed mean, respectively. The values of RMSEn and BiasF were determined as follows:
The greater value of I and the lower value of RMSEn represent better degree of agreement between estimated and observed data. BiasF indicates the average value of differences between simulations and observations. A positive BiasF indicates overestimation by the model, while a negative value indicates underestimation.
The ridge regression was used to analyze the relationship between spikelet fertility and environmental variables, avoiding the multicollinearity problems among meteorological elements. K-values were determined at the point of drastic decrease by inspection of ridge trace curve. The ridge regression was analyzed using SAS 9.3. 
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Results
Change of panicle temperature under different environment conditions
Temperature differences (TDs) between air temperature and surface temperature of panicle varied in the range of -4 to +7.4°C depending on meteorological conditions. Overall, surface temperature of panicle was lower than air temperature. When air temperature and VPD were > 25°C and > 1 kPa, respectively, TDs increased with increasing air temperature and VPD. TDs were positively correlated with air temperature and VPD, but there was no significant correlation with solar radiation. Genotypic differences were observed in TDs under changes in meteorological conditions (Table 3 and Fig. 2 ). Estimated surface temperature of the panicle had relatively high values of coefficients of determination, e.g. > 0.77 (Fig. 3) . Panicle temperature tended to be overestimated in both cultivars as temperature increases.
Response of yield components to the elevated temperature treatments
Yield components were significantly different among temperature treatments and years ( Table 5 . Correlations among spikelet fertility with air temperature (Ta), internal temperature of spikelet (Ts), surface temperature of panicle (Tp), solar radiation (Rs), and vapor pressure deficit (VPD). VPD NS, *, **, not significant, significant at the 0.05, 0.01 probability levels, respectively. except the number of spikelet. Larger variation in yield components occurred in 2013 than 2014. Spikelet fertility of Hwasungbyeo and Chuchungbyeo was drastically decreased between AT + 3.0°C and AT + 5.0°C in 2013. Similarly to the response of spikelet sterility, unfilled grain ratio in both cultivars increased drastically at AT + 5.0°C in the growing season. Spikelet fertility and unfilled grain ratio in 2014 had decreasing tendency with increasing temperature. However, variation in yield components was relatively small compared with that in 2013.
Response of spikelet fertility to different meteorological variables
When spikelet fertility was estimated using temperatures, solar radiation, and VPD separately, it had significant negative correlation with these variables in both Hwasungbyeo and Chuchungbyeo (Table 5) . However, the opposite relationship between fertility and variables were obtained from ridge regression analysis at the K-value of 0.15, 0.09, and 0.11 for Hwasungbyeo, Chuchungbyeo, and pooled data for both cultivars, respectively (Table 6 ). For example, the coefficients of air temperature and VPD were negative, while the coefficients of solar radiation were positive, indicating that increasing air temperature or VPD resulted in decrease of spikelet fertility. The standard partial ridge regression coefficients of VPD were the greatest among the three meteorological elements.
The logistic equation model that uses both of air temperature and VPD as predictor variables, e.g. eq. (9), had better degree of agreement with fertility for both cultivars than the equation using one of variables, e.g. eq. (8). (Tables 7 and 8 ). Critical air temperature (Tc) inducing 50% of spikelet sterility were estimated approximately at 36°C, and critical vapor pressure deficit (Vc) approximately at 3.0 kPa in both of cultivars. The value of αfor Chuchungbyeo was larger than that of Hwasungbyeo, indicating that spikelet fertility in Chuchungbyeo would decrease more sharply with increasing air temperature and VPD compared with Hwasungbyeo. When individual variables were used as independent variable of the logistic equation, critical temperatures of spikelet and panicle ranged from 31.7 to 32.9°C with little difference between the two cultivars (Fig. 4) . The critical air temperature was higher than the critical temperatures of spikelet and panicle by 3.5 to 4.3°C.
Discussion
Our results indicated that the response of spikelet fertility would differ by meteorological conditions, e.g. air temperature and humidity. Furthermore, air temperature rather than plant body temperature was identified as a better predictor for estimation of spikelet fertility. Many studies have reported the decrease of rice yields under high temperature during Coef. reproductive stage, but the uncertainty exists in the crop models to predict yields under a wide range of climate conditions Li et al. 2015) . Results from this study could contribute to have less uncertainty in crop yield simulations providing additional conditions to predict one of key yield component, which is spikelet fertility.
Temperature differences (TDs) between air temperature and panicle surface temperature (Tp) were strongly associated with changes in air temperature and VPD rather than solar radiation (Fig. 2) . These results suggested that transpirational cooling would have decreased panicle temperature, which was similar to previous reports such that increasing air temperature and VPD would result in large temperature differences in hot and arid conditions Matsui et al. 2007; Yan et al. 2010 ). Stomata do not exist on the spikelet glumes of which epidermis is composed of thin cuticle-silica double layer in early flowering stage (Ekanayake et al. 1993) . Thin cuticle-silica layer would cause a large variation in transpirational cooling by environmental factors such as air temperature and VPD. Ishihara et al. (1990) reported that transpiration rate in the panicle increased linearly as VPD increased, and there was no significant difference by the light condition, e.g., either light or dark.
The ridge regression analysis revealed that air temperature and VPD exerted negative effects on spikelet fertility, indicating that increase of air temperature and VPD would increase spikelet sterility induction. This result was contrary to the previous reports that the increase of VPD reduced high temperature-induced spikelet sterility by increasing transpirational cooling of panicle (Dingkuhn 2013; Jagadish et al. 2007; Julia and Weerakoon et al. 2008; Matsui et al. 2007; Tian et al. 2010 ). On the other hand, there were several studies that low relative humidity under high temperature accelerated rice spikelet sterility induction by desiccating anther and/or pollen. Sato et al. (1960) observed that low relative humidity combined with high temperature caused 100% of spikelet sterility in Cambodia. Matsushima et al. (1982) also observed similar responses under the field experiments in Sudan. Matsui et al. (1999) also reported that low relative humidity disturbed septum rupture and pollen dispersal.
It was found that temperatures of panicle or spikelet did not necessarily improve degree of agreement between observed and simulated spikelet fertility. In fact, the spikelet fertility was better fitted to a logistic equation that used both of air temperature and VPD as predictor variables. These results suggested that the increased transpirational cooling under low humidity or large VPD could have negative impact on reducing high temperature-induced spikelet sterility. Instead, transpirational desiccation of anther or pollen would play positive role in inducing spikelet sterility under high temperature conditions. Several studies indicated that increasing VPD under high temperature conditions decreased spikelet fertility. Although most of recent studies indicated that decreasing VPD under high temperature conditions decreased spikelet fertility, these results were obtained under high relative humidity conditions above 80% and compared with normal condition of 60% relative humidity Julia and Dingkuhn 2013; Matsui et al. 2007; Tian et al. 2010; Van Oort et al. 2014; Weerakoon et al. 2008; Yan et al. 2008 Yan et al. , 2010 . On the other hand, excessively high VPD would accelerate desiccation of anther and pollen, and resulted in disturbing anther dehiscence and low pollen viability (Ekanayake et al. 1989; Matsui et al. 1999; Matsushima et al. 1982; Sato et al. 1960) .
Strong wind velocity could increase spikelet sterility by dehydration of pollen and anther under hot and dry condition. For example, Ishimaru et al. (2012) reported that increasing wind velocity reduced spikelet fertility. Matsui et al. (1997) revealed that wind velocity over 0.85 m s -1 decreased the number of shedding pollen on stigma. Matsui et al. (2014) observed pollen from the windward edge of the rice showed extremely poor pollen germination. The fact that stronger winds could have enhanced the induction of spikelet sterility under higher temperature conditions supported our hypothesis such that desiccation of pollen or anther would result in spikelet sterility.
In our results, the lowest spikelet fertility were observed in AT+5.0 °C treatment house in which frequent ventilation would have occurred to reduce the temperature difference between inside and outside. It was likely that the strongest wind produced during temperature control in the plastic house would have accelerated desiccation of anther or pollen during flowering and result in the decline of pollen viability and germination, leading to lower spikelet fertility. This merits further studies to examine the impact of VPD and wind speed effects on spikelet fertility under high temperature condition during flowering.
